Introduction
Prostate adenocarcinoma (CaP) is the second leading cause of male cancer death in the Western world (1) . Various risk groups (low, intermediate, high, and metastatic) that reflect relative survival are categorized using histologic grade (Gleason score), clinical tumor nodal metastasis (TNM) stage (local extent and/or nodal/distant metastases), and the level of serum prostatic-specific antigen (PSA) (2) . Low-risk CaP is usually indolent, and the majority of these patients are candidates for active surveillance protocols without therapy (3) . High-risk CaP, although localized, has a higher probability of occult metastases and is therefore treated locally and systemically to improve chances for cure (2, 4) . Patients with intermediate-risk CaPs pose a clinical dilemma, as their natural history, genetics, and treatment outcomes are highly variable (5, 6) . Taken together, these features of CaP drive the need for greater understanding of the factors regulating its growth and progression and for better delineation of risk.
Activation of various factors during epithelial-mesenchymal transition (EMT), including EGFR, Hedgehog (Hh), Wnt/β-catenin, and Notch, may correlate with CaP progression, aggression, and treatment resistance (7) . In particular, the Hh pathway is essential for the proliferation of numerous cell types and aids in the precise developmental patterning of many vertebrate systems, including the prostate (8) . However, misregulation of the pathway has been implicated in the growth and metastasis of numerous tumorigenic cell types, including CaP (9) (10) (11) (12) . As a result, the mechanisms that control Hh signaling have been under intense scrutiny since its discovery in the early 1990s.
Hh pathway signaling is triggered by the binding of 1 of 3 ligands (Sonic [SHH] , Indian [IHH] , or Desert Hedgehog [DHH] ) to the transmembrane protein PTCH1 (13) . Interaction of the ligands with PTCH1 relieves downstream inhibition of Smoothened (SMO). triggering a cascade by which transcription factors GLI1 or GLI2 translocate to the nucleus. The transcriptional targets of GLI1 include proliferation factor cyclin D1, prosurvival protein BCL-2, prometastasis factor SNAIL, PTCH1, and its own transcription (14) (15) (16) . Blockade of Hh and its downstream targets would thus be a logical therapeutic target in cancer cells. In murine models, the SMO blocker cyclopamine has been used to combat prostate cancer cell growth (9, 17) . Additionally, compounds that block SMO have been shown to possess efficacy in treatment of basal cell carcinomas and Gorlin syndrome (18) (19) (20) . In phase I and II trials, however, Hh inhibitors have failed to live up to their promise for use in other solid tumors (21) . Thus, further research is essential to exploring the action of Hh pathway inhibitors in cancer.
Our research examines a potential inhibitory relationship between the serine protease inhibitor protease nexin 1 (PN1) and the Hh pathway. PN1, also known as SerpinE2 or glial-derived nexin, is an ECM protein known to tightly bind and counter the activity of thrombin, urokinase plasminogen activator (UPA), TPA, and trypsin (22, 23) . PN1 is expressed by various cell types, including endothelial cells, platelets, and fibroblasts, and is highly expressed in some tissues, including brain and prostate (24, 25) . Much of the knowledge of the protein's functional activity is based on its ability to inhibit the above-listed proteases, especially thrombin, a critical component of coagulation (26) . In the brain, PN1 assists in control of astrocyte proliferation and neurite outgrowth (27) . However, its range of known functions has expanded to include a potential regulatory role in cancer (28) (29) (30) . Its location in the ECM, ready binding to collagen IV, and inherent antiprotease ability place the protein in a position to affect both tumor growth and metastatic potential.
An association exists between PN1 and MMP9, the latter of which functions in the cleavage and clearance of ECM basement membrane to facilitate migration and extravasation of cancer cells (31) . PN1 is an MMP9 substrate (32) . The balance of the 2 proteins is important in determining the activity of UPA, whose overexpression is strongly correlated with tumor aggressiveness and poor outcome in both breast and prostate cancer (33) . Recent evidence points to a decrease in UPA-dependent prostate cancer cell invasion if PN1 is overexpressed or if PN1 levels increase due to downregulation of MMP9 (34) . Hh signaling was shown to be inversely related to PN1 expression during cerebellar development (35) , leading to reduced cerebellar granular neuron precursor proliferation and reduction in cyclin D1 and GLI1. These results raised the possibility that PN1 activity might act as a regulatory brake to Hh signaling in other settings.
Given the results of our previous studies with PN1 and cellular migration, we wanted to determine whether its regulation of Hh was a factor in the progression of CaP. In this study, we demonstrated the ability of PN1 to reduce levels of Hh ligands, their downstream effectors, and proliferation in prostate and other cancer cell lines. Additionally, evidence for downregulation of Hh signaling by PN1 also extended to normal murine tissues, prostate tumors, and human prostate cancer specimens. Cyclopamine is a plant alkaloid that irreversibly binds SMO downstream of PTCH1, inhibiting Hh signaling, and was used as a control for inhibition (36, 37) . Cyclopamine reduced GLI1, PTCH1, and CYCLIN D1 to levels similar to those resulting from high levels of PN1. Comparable reduction of GLI1 was obtained after PN1 expression (Supplemental Figure 1C) or treatment with cyclopamine in the panel of human metastatic prostate and pancreas cell lines (Supplemental Figure 1D) . Androgen sensitivity may play a role, as GLI1 levels in androgen-unresponsive lines such as PC3 and PC3ML were significantly more reduced by PN1 than in the LNCaP cell line. However, in general, expression of PN1 inhibited Hh signaling in all lines tested.
Results

PN1 expression inhibits
Inhibition of Hh signaling has been linked to decreased proliferation in some prostate cancer cell lines (9, 17) . Overexpression of PN1 in PC3 (Figure 2 PN1 reduces SHH expression. The Hh pathway is driven by the interaction of 1 of 3 ligands, SHH, IHH, or DHH, with PTCH1 (13). We asked whether these ligands were affected by PN1 expression ( Figure 3A) . Protein levels of DHH were not reliably detected, whereas IHH and SHH were both present in PC3 cells. However, SHH protein levels were repressed by PN1 expression and by cyclopamine. Densitometry of immunoblots confirmed these changes in SHH protein expression ( Figure 3B ), and a similar pattern was observed at the transcript level ( Figure 3C ). To determine whether this effect was general or particular to PC3, the cell line panel in Supplemental Figure 1 was again utilized. SHH RNA transcript levels were reduced in the majority of the lines tested (Supplemental Figure 3A) , suggesting that PN1 reduces SHH expression in cancer cells. PN1 requires RCL activity and the LRP receptor to modulate Hh downstream targets. Our next step was to determine which functional regions of PN1 were essential for Hh suppression. Direct interaction between PN1 and SHH did not appear to account for this effect, as interaction between the 2 proteins has not been reported and we did not find any evidence of physical interface between SHH and PN1 in mass spectroscopy analysis using a PN1-binding assay (our unpublished observations).
The activity of PN1 is controlled by 3 principle regions of interest: heparin interaction, the reactive center loop (RCL), and the LDL receptor-related protein binding site (LRP) (38, 39) . The RCL, located in the C terminus of PN1, is required for the inhibitory activity of PN1 and is homologous to the RCL of other serpins (40) . The RCL is cleaved by its bound serine protease target. Consequently, PN1 undergoes a conformational change to a more energetically stable state that forms a covalent bond with the protease, resulting in its inhibition (40) .
We had previously engineered point mutations (Supplemental Figure 3B ) into the RCL of PN1 (arginine or serine replacing proline) that decreased its ability to inhibit UPA by approximately 50% (34) . PN1 with these RCL mutations was less effective than WT in the inhibition of SHH and GLI1 expression ( Figure 3 , D and E). These data point to a requirement of protease inhibitory activity for PN1 to reduce SHH levels.
PN1 is internalized more efficiently as part of an inhibitory complex with a target protease than as a free protein (41) . The LRP-binding region interacts with the cellular receptor LRP-1 to mediate the internalization of PN1, and heparin increases PN1-substrate complex binding and the catabolism of the complex within the cell (42) . A mutant form of PN1 in the LRP-binding site (amino acid 48 histine into alanine) was less effective in reducing SHH and GLI1 levels ( Figure 3 , D and E) than PN1 itself. The PN1-LRP mutant at amino acid 49 (histine into aspartic acid) was less statistically robust but also prevented decreases in SHH. Changes in RNA levels were mirrored by protein levels and support the hypothesis that PN1 must be internalized through the LRP to inhibit SHH expression.
To further substantiate this conclusion, we inhibited LRP with blocking antibodies in PC3 cells, resulting in significantly elevated PN1 levels (Supplemental Figure 3C ), consistent with its clearance through the receptor. In addition to the LRP, the UPA receptor UPAR has been proposed as a possible receptor for PN1 complexes, perhaps acting synergistically with the LRP (43). To assess this possibility, cells were treated with a UPAR-block-
Figure 2
PN1 reduces proliferation and increases apoptosis in metastatic prostate cancer cells. PC3 cells were transfected with a PN1 expression plasmid or empty vector (2 μM) and treated with cyclopamine (10 μM) as indicated. PN1 expression affects (A) cell numbers (Student's t test, n = 3), (B) proliferation (alamarBlue assay, 1-way ANOVA, n = 3), (C) apoptosis (annexin-PI assay, 1-way ANOVA, n = 3), and (D) cleavage of caspase-3 (19-kDa active band) and PARP (89-kDa active band). *P ≤ 0.05. ing antibody. PN1 elevations were detected in PC3 conditioned medium after application of this antibody, suggesting that UPAR may also be involved in PN1 cellular translocation. Anti-UPAR antibody resulted in modestly increased SHH (Supplemental Figure 3C) . In both cases, 50 nM concentrations of the antibodies were more effective than 20 nM. VEGF (Supplemental Figure 3C ) was used as a loading control, as it is expressed by PC3 cells and its levels did not change in response to PN1 in proteomic experiments (32) . Thus, both the LRP and the UPAR receptors may be involved in PN1 uptake.
MMP9 levels control PN1 expression and indirectly regulate SHH levels. Since PN1 is a proteolytic target of MMP9 (32), we asked whether the Hh pathway is affected by MMP9-mediated PN1 degradation. PN1 levels were increased in a PC3-derived cell line (KD-31) when MMP9 expression was decreased ( Figure 4A ). SHH levels decreased as well, consistent with the suggestion that MMP9 regulates SHH through degradation of PN1. We then examined SHH protein levels in tissues of WT and mmp9 -/-mice. SHH was reduced in the organs in which MMP9 deficiency induced intermediate to high levels of PN1 expression: the prostate and the brain ( Figure 4B ). The intensity and extent of PN1 immunofluorescent staining was increased in mmp9 -/-animals in both the prostate and pancreas (Figure 4, C and D) . PN1 staining was clearly confined to the stroma between prostate glands or within the pancreatic stroma in the periductal region. Consistent with our in vitro findings, Hh downstream proteins GLI1 and PTCH1 were reduced in tissues coincident with the increase of PN1. PTCH1 was expressed on the cell surface, as expected. Interestingly, both PTCH1 and GLI1 were detected on both the luminal and basement membrane sides of the prostate gland. The lumen has been identified as a site for SHH, PTCH1, and GLI1 in tumors (9, 17) .
Finally, there was evidence in the brain of a link between MMP9 and downregulation of PN1. Cerebella in PN1-knockout mice are larger than those in WT mice due to increased Hh signaling (35) . mmp9 -/-mice have decreased cerebellar size compared with WT based on MRI measurements (Supplemental Figure 4 and Supplemental Table 1 ). Thus, a link can be made between MMP9 reduction (decreases or total ablation) and reduced Hh signaling in PN1-containing tissues.
PN1 inhibits tumor growth and influences angiogenesis in vivo. Because subcutaneous tissues do not appear to contain endogenous PN1, we asked whether PN1 added to Matrigel would affect tumor growth and Hh signaling. SCID mice were injected with cells subcutaneously in Matrigel or with the addition of exogenous recombinant PN1 (10 μM) mixed into the Matrigel. The PN1 led to decreased tumor growth ( Figure 5A ). Immunoblotting showed that SHH and GLI1 were reduced in tumors grown in the presence of PN1 (Figure 5B ), supporting the in vitro data (Figure 1 and Supplemental Figures 1 and 2) . We then treated mice with subcutaneous PC3 xenografts with Hh inhibitor, GDC-0449 ( Figure 5 , C and F). Preclinical studies with this drug have shown efficacy in treating subcutaneous tumors (44) . This treatment resulted in decreased growth equivalent to the decrease at 0-6 days of the cells embedded in Matrigel with PN1. However, after 8 days, the tumors exposed to PN1 grew more rapidly. Whether this was due to decreased exposure to PN1 or a difference in biological behavior compared with the mice treated with GDC-0449 would be difficult to ascertain. Finally, mice with tumors implanted with PN1 were also treated with GDC-0449 (Figure 5 , C and G). Meaningfully, this combined treatment resulted in tumor regression.
Untreated tumors had a higher vascular density than those treated with PN1 or GDC-0449 or the combination of the two based on immunostaining for CD31 and CD146 ( Figure 5H ). Tumors grown in the presence of recombinant PN1 had fewer blood vessels, although with larger diameters compared with controls ( Figure 5, I-L) . The combination of GDC-0449 and PN1 treatments resulted in even greater vessel size. Thus, pharmaceutical inhibition of Hh signaling led to approximately the same tumor growth delay as impregnating the plug with PN1. However, both treatments together led to tumor regression, suggesting that the mechanisms of these 2 effects, while overlapping, are probably not identical. In addition, the morphological effects on blood vessels of either treatment were distinct, further suggesting that the mechanisms may be distinguishable.
mmp9 -/-mice are less effective as hosts for orthotopic prostate tumors. Since MMP9 deficiency increased the amount of PN1, we used mmp9 -/-mice to test the effect of increased prostatic PN1 in an orthotopic model with syngeneic mouse TrampC2 cells (Figure 6 and ref. 45) . Twelve weeks after injection, most WT (C57BL/6) mice had developed intraprostatic tumors (78%), with fewer in mmp9 -/-animals (40%) ( Figure 6, A and B) . On average, WT animals produced larger tumors (162 mm 3 ) than mmp9 -/-(109 mm 3 ). MRI images and computer modelling showed that the tumors at the injection site began in the prostate and invaded outward along the urethra and bladder. Despite some variability (summarized in Supplemental Table 2 ), in the WT mice, significantly larger tumors resulted.
pn1 -/-mice are more susceptible to orthotopic tumors. Establishment of orthotopic tumors was more effective in the pn1 -/-mice (4/5 mice, average 100 mm 3 ), and the tumors were generally larger than in the WT (1/5, 53 mm 3 ) ( Figure 6C and Supplemental Table 3 ). In general, tumors invaded from the distal prostate and alongside the urethra similar to the mmp9 -/-mice. Tumors developed more rapidly in pn1 -/-than in age-matched WT mice (approximately 8 to 9 weeks versus 12). SHH and GLI1 levels were reduced in tumors grown in the WT tissue compared with pn1 -/-mice ( Figure 6D ), supporting the data concerning the effects of PN1 on the Hh pathway.
SHH accelerates orthotopic tumor growth. To further examine the importance of SHH on tumor growth in this model, a TrampC2 cell line stably expressing SHH was generated ( Supplemental Figure 5A) . In these cells, induction of PN1 decreased SHH and GLI1 expression, but their overall levels remained high and comparable to those of the parental cells (Supplemental Figure 5B) . Intraprostate tumors derived from SHH-overexpressing cells occurred more frequently and grew significantly faster than those from parental TrampC2 cells ( Figure 6E ). PN1 absence in the host led to increased tumor growth by both cell lines to approximately the same extent. Of note, mmp9 -/-mice supported less growth than the WT mice by the parental cells. However, SHH-overexpressing cells formed equivalent tumor volumes in both the WT and the mmp9 -/-mice (Supplemental Table 4 ). These results provide support for the hypothesis that SHH positively affects tumor growth and that PN1 levels contribute to inhibition of this pathway in this model. Figure 6A) . In tumors, PN1 is detectable in the fibrous stroma between the glands and hyperplasia, but not in the epithelium, while in carcinomas, little staining was seen within the fibrous bands inside the body of the tumor (Supplemental Figure 6B) . Occasionally, PN1 staining was seen in the fibrous pseudocapsule surrounding the tumor. Also, in some cases, PN1 staining appeared within the tumor cells but rarely compared with normal prostate tissue. Occasionally, PN1 was detected on blood vessels or the cytoplasm of stromal cells (IHC; Supplemental Figure 6 , C and D). Further staining was completed using tissue microarrays (TMA) to quantify the frequency of PN1 in different types of prostate tissues. As expected, normal prostate tissue expressed PN1 primarily in the stromal compartments ( Figure 7A ). In general, staining was reduced in tumors of increasing Gleason score, with moderate PN1 in Gleason 2-5 tumors but much less in Gleason 6-7 or Gleason 8-10 tumors ( Figure 7B) .
Genetic alterations in Hh pathway genes are associated with poor prognosis in patients with nonindolent prostate cancer. Progression of localized to metastatic CaP is associated with genetic copy number alterations (CNAs) (e.g., allelic losses and gains) and mutations (5) . To determine whether genetic alterations of the Hh pathway are associated with poor patient outcome, we used array comparative genomic hybridization (aCGH) data from 126 patients with intermediate-risk CaPs (e.g., Gleason grade 6 to 7, T1 or T2, PSA less than 20 ng/ml) who had been treated with modern, image-guided radiotherapy (median dose; 76 Gy) and followed for a median of 6.6 years for biochemical failure. The details of this cohort and aCGH analyses validated by FISH have been previously published (5, 46) . Using CGH, CNAs, as defined by allelic gain (amplifications) or loss (deletions), were determined for specific genes of interest, including 9 Hh-related genes (GLI1, GLI2, GLI3, PTCH1, SHH, IHH, DHH, SMO, CYCLIN D1), 3 downstream EMT genes (SNAI1, SNAI2, SNAI3), the transcription factor SMAD9, and the effectors determined here, MMP9 and PN1 (Figure 8 and Supplemental Figure 7 , A and B). Particularly striking were the allelic gains observed for the SHH and MMP9 genes and allelic deletions of GLI2.
Of the 126 patients, 62 were genotypically normal in regard to the Hh genes profiled, whereas 64 harbored at least 1 CNA in an Hh-related gene; the latter group of tumors had increased levels of Table 5 ). Pretreatment PSA was also prognostic in this treatment cohort. This multivariate analysis is consistent with Hh gene alterations being an important and novel prognostic factor for aggressive behavior and treatment failure independent of a measure of percentage of genetic instability (PGA) (Supplemental Table 5 ). PGA itself does not predict relapse. Analysis was also extended to investigate the impact of Hh genetic changes on PSA in Gleason 6-7 tumors, though stratification of these patients was inconclusive (Supplemental Figure 7C) . Positive associations were noted between PTEN gene deletion and the presence of a TMPRSS2:ERG fusion (see strong trends in Supplemental Tables 6 and 7) . One-quarter to one-third of patients whose tumors harbored 2 or more Hh gene alterations had a PTEN gene deletion or TMPRSS2:ERG fusion, respectively.
Discussion
In this study, we show that PN1, an endogenous constituent of ECM in the prostate, is a negative regulator of Hh signaling. Furthermore, enhanced expression of PN1 leads to impaired prostate cancer cell proliferation in culture and the reduced ability of prostate tumors to undergo neoangiogenesis. Elevated levels of PN1 led to decreased SHH mRNA and downregulation of Hh target mRNAs and proteins. These data further implicate the Hh signaling pathway in prostate cancer progression. Reduced SHH is of interest because many clinical and scientific studies have reported that elevated SHH levels correlate with poor survival in patients or animals in various tumor types, including prostate cancer (17, (47) (48) (49) (50) .
Monard et al. provided insight into the relationship of PN1 and Hh signaling by linking the absence of PN1 with the expansion of cerebellar granular progenitor cell populations in brain and upregulation of Hh-dependent proteins cyclin D1 and cyclin D2 (35) . Our studies suggest that PN1 blocks growth of prostate tumor cells through downregulation of SHH itself and its downstream effectors. These data give rise to a number of observations, including the revelation that higher PN1 expression induces apoptosis in prostate tumor cells (Figure 2 ) and can influence the vasculature of prostate tumors ( Figure 5 ).
PN1 is susceptible to MMP9 degradation (32) . Therefore, we hypothesized that MMP9 would elevate Hh signaling by counteracting the inhibitory effect of PN1. This proved to be the case in tissues with high levels of PN1, such as prostate, pancreas, and brain (Figure 4B and refs. 32, 34) . Finally, in mmp9 -/-mice, PN1 was increased in the ECM of prostate and pancreas contemporaneous with reductions in Hh signaling targets GLI1 and PTCH1 ( Figure 4C ). All of the evidence points to PN1 being a degradative target of MMP9. If MMP9 expression is ablated, then PN1 is able to inhibit Hh signaling via downregulation of the SHH ligand.
Thus, a balance of PN1 and SHH levels may be an important factor in regulation of prostatic tumor growth. For example, subcutaneous PC3 growth was impeded by exposure to PN1 or the Hh pathway inhibitor GDC-0449 ( Figure 5 ). Additionally, in an orthotopic tumor model, alterations of PN1 or SHH levels had contrasting effects on intraprostate tumor growth ( Figure 6 ). Syngeneic murine prostatic carcinoma cells (TrampC2) had a substantially higher tumor take on the pn1 -/-background and grew faster than in WT mice. These effects were augmented when SHH was stably expressed in TrampC2 cells ( Figure 6E ). In mmp9 -/-mice, which have increased levels of PN1, the same cells had a lower tumor take and grew more slowly. However, when SHH is stably overexpressed in these cells, the reductions in tumor size are blunted ( Figure 6E ). These observations are consistent with PN1 in the prostate having a substantial inhibitory effect on tumor growth that can be counteracted by supplementation of SHH. They also point to the importance of Hh signaling in this prostate carcinoma model.
Processed and secreted SHH can associate with cell membranes and the ECM (51) and is thought to be mainly synthesized by cancer cells rather than the stroma. However, its contribution to cancer is currently the topic of heated debate. One question stems from an uncertainty as to whether SHH signaling is requisitely autocrine (11, 52) or paracrine (53, 54) in both prostate and pancreatic cancers. Although not expressly the intent of the research, our data seem to point to and are compatible with both scenarios. All prostate and pancreatic cancer cell lines tested produced SHH protein while also responding to cyclopamine (Supplemental Figure 1D and Supplemental Figure 3A ). Several reports have found SHH expression to be restricted to tumor epithelial cells, while the effectors GLI1 and PTCH1 are localized to the tumor stromal cells (54) . Thus, SHH can act in a paracrine way to affect cancer cell proliferation through the stromal compartment. PN1 in the ECM would be in a position to block Hh signaling in both compartments. Also, while the mutations observed in regions encoding SHH or MMP9 (Figure 8 ) could affect Hh signaling in either compartment, a few mutations were in intracellular components that would only affect the cancer cell. patients with alterations in our panel of Hh-related genes were 3 times as likely to have a biochemical recurrence when compared with patients whose tumors lacked any changes in these genes. Other series of genetic changes have been identified in CaP. These include deletions or mutations in the PTEN, NCOA2, ATBF1, p53, RB1, NKX3-1, E-cadherin, p16 INK4A , p27 KIP , and SMAD4 genes and amplification of c-MYC and the androgen receptor genes (46, 60) . CaPs also contain TMPRSS2:ERG/ETVs gene fusions in approximately 50% of all prostate cancers (61, 62) . The fact that not all of the aggressive Hh-abnormal tumors had PTEN deletions suggests that Hh gene alteration is a unique determinant of tumor aggression.
The Kaplan-Meier curves in Figure 8C suggest that Hh geneabnormal patients fail more rapidly after the completion of radiotherapy. Whether the same is true after surgery will require further studies. However, the highly prognostic level of CNAs in the Hh profile may provide a means to further segregate patients within the intermediate-risk group. Furthermore, they suggest that Hh signaling may be a determinant in biological aggressiveness. One must point out that despite strong preclinical data showing involvement of the Hh in many tumor types, inhibitors of the pathway thus far have been of limited scope clinically, with singleagent, anti-tumor activity only demonstrated for the treatment of basal cell carcinoma and medulloblastomas (21) .
There was some evidence of a stromal effect in these experiments, as increased amounts of PN1 led to changes in angiogenesis. PC3 tumors implanted subcutaneously in Matrigel contained a system of small, tortuous vessels that have the typical morphology of tumor vasculature. However, tumors grown with PN1 exhibited less vascular density, while the remaining vessels had larger diameters ( Figure 5, H-J) . These results are in line with previous reports that the Hh pathway is associated with the formation of new blood vessels that aid in tumor growth and metastasis (55, 56) . One line of research indicates that Hh blocker IPI-926 significantly increases the efficacy of gemcitabine in treating prostate cancer due to increased perfusion (57, 58) . The research proposes that the ability of IPI-926 to block Hh results in better vasculature to deliver gemcitabine to the target tumor. Such data underscore the necessity of further investigation into means of regulating Hh in vivo.
Due to its variable natural history, determining therapy for each individual patient with intermediate-risk CaP is challenging. Although some of this heterogeneity may relate to variability in the therapy, individual variation in the natural history of the disease is also evident (46) . Thus, this risk category of patients has an urgent need for markers to select the best local and adjuvant therapies depending on individual prognosis (46, 59) . Our study suggests that Hh signaling is implicated in CaP. CGH analyses revealed that In summary, our data suggest that signaling in the Hh pathway augments the development of CaP (Figure 9 ). Genetic changes in the cancer cell may influence this pathway. This study demonstrates that PN1 is a potentially important new component of the regulation of Hh signaling. The mechanism of how PN1 may regulate SHH levels is still under investigation, although Fulda et al. have provided evidence that SHH may be under the regulatory control of the NF-κB pathway (63) . Our data show that endogenous PN1 in the prostate stroma counters Hh signaling. The tumor has several means to overcome this block, including tumor or stromal production of MMP9 that reduces PN1 levels. In cancers with minimal reliance on Hh signaling, expression of PN1 may not be deleterious to tumor development. However, our data imply that by reduction of the contribution of the Hh pathway via PN1 expression, CaP can be affected directly with growth lag. Additionally, PN1-mediated inhibition of Hh signaling in the tumor stroma may lead to reduced angiogenesis. Thus, PN1 levels may be critical in the blockade of prostate cancer progression.
Methods
Animals.
Male WT C57BL/6 and mmp9 -/-mice were provided by Ghislain Opdenakker (University of Leuven, Leuven, Belgium). The pn1 -/-animals were a gift from M.C. Bouton (Inserm, Université Paris, Paris, France). All KO animals were compared against littermate controls.
Plasmids and mutagenesis. pcDNA3-PN1 plasmid was a gift from Peter Andreasen's lab (Aarhus University, Aarhus, Denmark). Point mutations are described in Xu et al. (32) .
Figure 9
Summary diagram shows how recombinant PN1 added in Matrigel (a) can influence Hh proteins in both autocrine and paracrine scenarios. PN1 disrupts reduces SHH expression, leading to reduction of downstream Hh effectors and tumor growth. Treatment with Hh inhibitor (b) GDC-0449 blocks another avenue of Hh signaling leading to inhibition of SMO. The combined effect slows the growth of prostate metastatic cells, potentially through changes in angiogenesis. The PN1 arm of the pathway can be inhibited by MMP9 activity.
